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Abstract
Ground-state magnetic moments of 30Al and 32Al were measured with the β-NMR method using radioactive-isotope beams
spin-polarized in the projectile-fragmentation reaction. Polarization of sizes |P | = 0.5–1% were obtained in spite of the large
numbers of nucleons that are removed from the projectile 40Ar, providing a promising prospect that substantial polarizations
are obtained even in fragment nuclei that are far removed from the projectile nucleus. The obtained µ moments, |µexp(30Al)| =
3.010(7) µN and |µexp(32Al)| = 1.959(9) µN, are in agreement with shell model calculations within the sd valence space,
although a reduction in the energy-gap between the sd and pf states is predicted for 32Al in recent theoretical studies.
 2005 Elsevier B.V.
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Open access under CC BY license.In the region of neutron-rich sd-shell nuclei, in-
triguing phenomena have been reported. Anomalously
tight binding was discovered in the nuclei around A 
32 [1,2]. Lowering of excitation energies of the first
2+ excited states [3,4] and large B(E2) values for their
excitation [5] were also found. Such phenomena were
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Open access under CC BY license.observed only in a localized area consisting of Ne, Na,
and Mg isotopes around the neutron number N = 20.
These observations are considered as manifestations
of the deformation induced by the inversion of am-
plitudes between sd-normal and pf -intruder config-
urations [6]; the region is known as the “island of
inversion”. Central to this issue is to clarify what is
the governing parameter whose variation brings about
the sudden amplitude inversion at a certain value of the
N/Z ratio. Microscopic studies of nuclei close to the
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offer a clue to this question.
The mixing of the intruder configurations from the
pf orbits in neutron-rich N = 20 isotopes has been
studied in the Monte Carlo shell model [7]. These
studies show that the ground state, which is normally
occupied by the 0p–0h configurations as in 34Si, is
taken over by the intruder 2p–2h or 4p–4h configura-
tions in 30Ne, 31Na, and 32Mg. In 33Al, the predicted
admixture of the intruder configurations is not as large
as in the above nuclei but still substantial. These cal-
culations indicate that the neutron-rich aluminum iso-
topes are located close to the borderline of the “island
of inversion”, so that they would be important nu-
clei in the investigation of the “inversion” region. The
evolution of the inversion along the neutron-rich alu-
minum isotopes has been studied in other sd isotopes
on the basis of large-scale shell model calculations in
terms of the energy difference between the sd and pf
configurations [8]. The predicted energy difference de-
creases from 31Al to 33Al, which suggests that the
admixture of the intruder configurations already oc-
curs near 33Al. This picture well accounts for recent
experimental observations for neutron-rich aluminum
isotopes. Through the measurement of the ground-
state magnetic moment of 31Al, it was concluded that
31Al is described by a rather pure d5/2-proton and
(sd)I
π=0+
10 -neutron configuration [9], suggesting that31Al is located outside of the “island of inversion”. For
the next isotope 32Al, an unusual ordering of the ex-
cited states was reported, which might be associated
with the reduced sd–pf shell gap [10].
In the present work, the magnetic moments µ for
the ground states of 30Al (Iπ = 3+) and 32Al (Iπ =
1+) have been measured. The µ moment is an observ-
able which sensitively reflects in which orbitals the
valence nucleons reside. According to the above pic-
ture, 30Al is located outside of the island, whereas 32Al
is somewhere close to the border. From this point of
view, the magnetic moments of these two nuclei would
be interesting for microscopic studies of the evolution
of the “inversion”.
The availability of spin-polarized radioactive-iso-
tope beams (RIBs) [11] offers us an opportunity to
measure the electromagnetic moments of nuclei far
from the β-stability line [12]. In this method a radioac-
tive nucleus is spin-polarized through the projectile-
fragmentation reaction itself by which the radioac-Fig. 1. Arrangement of fragment separator RIPS for the production
of spin-polarized RIBs, and the schematic layout of the β-NMR ap-
paratus.
tive nucleus is produced [11]. The mechanism of the
fragmentation-induced spin-polarization is essentially
related to the fact that a portion of the projectile to be
removed through the fragmentation process has non-
vanishing angular momentum due to the Fermi mo-
tion of nucleons. Because the polarization mechanism
relies on the general feature of the fragmentation re-
action, it is suggested that essentially any fragments
would be polarized irrespective of their chemical prop-
erties.
Fig. 1 shows the arrangement of the RIKEN pro
jectile-fragment separator RIPS [13] for the produc-
tion of spin-polarized RIBs. In the present experiment,
a beam of 30Al (32Al) was obtained from the frag-
mentation of 40Ar projectiles at an energy of E =
95A MeV on a 93Nb target of 0.13 (0.37) g/cm2
thickness. In order to have the RIB spin-polarized,
the emission angle and the outgoing momentum
were selected. Thus, fragments emitted at angles
θL = 1.3◦–5.7◦ were accepted by RIPS using a beam
swinger installed upstream of the target. A range of
momentum p = 12.4–12.7 GeV/c (12.2–13.0 GeV/c)
was selected by a slit at the momentum-dispersive fo-
cal plane F1. This momentum range corresponds to
1.006–1.026p0 (0.975–1.034p0), where p0 is a peak
in the momentum distribution of the 30Al (32Al) beam.
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analyses of the magnetic rigidity and momentum loss
[13]. The purity of the 30Al (32Al) secondary beam
was 93% (86%). Subsequently the spin-polarized frag-
ments are introduced into the NMR apparatus located
at the final focus.
The adiabatic fast passage (AFP) technique of
NMR [16] was used in the present experiment. A radio-
frequency oscillating field B1 of amplitude ∼ 1 mT
was applied perpendicular to an external static mag-
netic field B0 with a pair of coils located outside a
vacuum jacket in which a stopper material was placed.
The frequency of the oscillating field B1 was swept
over a certain region, and when the region includes
the Larmor frequency spin reversal takes place.
The 30Al and 32Al nuclei were implanted in an
α-Al2O3 (corundum) single-crystal stopper mounted
at the center of the β-NMR system. The stopper ma-
terial must be chosen so as to provide a spin-lattice
relaxation time T1 that is long compared with the β-
decay lifetime. Up to now, β-NMR signals for 28Al,
whose β-decay mean lifetime τ = 3.2 m is much
longer than those of 30Al and 32Al, have been obtained
in an Al2O3 crystal [14]. This fact indicates that T1 for
30Al and 32Al in Al2O3 should be longer than their
β-decay lifetimes. The corundum sample was cut, so
that the c-axis of the hexagonal crystal structure was
oriented parallel to a surface of the sample. The ori-
entation was confirmed by X-ray diffraction analysis.
The crystal c-axis was oriented at the magic angle
(54.7◦) to the B0 field, as shown in the inset of Fig. 1,
where the quadrupolar splitting of the magnetic sub-
levels vanishes. In first order perturbation theory, the
transition frequency between the magnetic sub-levels
m and m ± 1 of nuclear spins I under the combined
Zeeman and electric-quadrupole interactions is given
by
(1)
νm,m±1 = ν0 ∓ eqQ
h
3(3 cos2 θc-axis − 1)(2m + 1)
8I (2I − 1) .
Here ν0 denotes the Larmor frequency, q the electric
field gradient along the c-axis (axial symmetry about
the c-axis is assumed for the electric field gradient),
and θc-axis the angle between the c-axis and the B0
field. The second term vanishes when cos2 θc-axis =
1/3. The actual tilt angle of the α-Al2O3 crystal was
measured as θ = 54.4(5)◦. The α-Al O stopperc-axis 2 3was kept in the vacuum chamber and cooled to a tem-
perature of T < 100 K to assure the preservation of
spin polarization during the β-decay counting period.
For the preservation of polarization the static magnetic
field B0 ∼ 0.5 T was applied to the stopper [14].
We employed the β-NMR method [15] to deter-
mine the µ moment. In this method, β-rays emitted
from the implanted fragments are detected with plas-
tic scintillator telescopes located above and below the
stopper. The up/down ratio R of the β-ray yields is
given by
(2)R = a (1 +
v
c
AβP )
(1 − v
c
AβP )
 a(1 + 2AβP ),
where a is a constant factor representing asymmetries
in the counter solid angles and efficiencies, v and c
the velocities of the β particles and light, respectively.
In Eq. (2), we took an approximation that v/c  1,
since only a high-energy portion of the β spectra was
included in the analysis. When the polarization P is
altered due to the resonant spin reversal, a change ap-
pears in the ratio R. Thus the resonance frequency ν0
is derived from the observed peak or dip in the R spec-
trum.
The beam in the 30Al (32Al) experiment was pulsed
with beam-on and off periods of 5 s (46 ms) and
5.012 s (58 ms), respectively. At the beginning of the
beam-off period, the (B1) field was applied for a 6 ms
(6 ms) duration, with its frequency swept from ν1 to
ν1 + δν. Then the β rays were counted during the
following 5 s (46 ms). In the remaining 6 ms (6 ms)
the B1 field was applied again in the same scheme in
order to restore the spin direction, so that the R ra-
tio in the succeeding cycle might not be affected by
the surviving activities. In the following n − 1 cy-
cles, the above procedure was repeated with frequency
ranges νi to νi + δν (i = 2,3, . . . , n), and then a cycle
without the application of B1 was performed. These
n + 1 cycles, as a unit of sequence for the n-point
spectrum measurement, were repeated many times to
obtain a sufficient counting statistics. The number n
of the frequency points typically took values 1–7. In
this scheme, the effect of the long-term fluctuation of
the beam profile on the asymmetry should be removed.
Whole control of the time sequence and frequency
sweep was given by the PSG module [17].
The time spectrum obtained for the β-ray events
accumulated in the 30Al experiment is shown in
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(b) 32Al experiments. Curve shows the result of a least-χ2 fitting of
a function to the data. Statistical error for each data point is much
smaller than the size of the circle.
Fig. 2(a). The spectrum was fitted with an expo-
nential function plus a constant background. The
obtained halflife, t1/2 = 3.63(4) s, agrees with the
weighted average of the two reported values t1/2 =
3.69(3) s [18] and t1/2 = 3.56(2) s [19]. Similar
analysis was made for 32Al with the obtained spec-
trum shown in Fig. 2(b). The obtained halflife, t1/2 =
33.0(2) ms, also agrees with the reported value t1/2 =
35(5) ms [20], but the present accuracy is higher.
These results confirmed that the 30Al and 32Al iso-
topes were correctly identified in the implantation
procedure.
In the actual measurement of the µ moments, sev-
eral runs of resonance scan with progressively nar-
rower frequency windows were carried out. Fig. 3
shows the β-NMR spectra obtained for the groundTable 1
Uncertainties and corrections taken into account for the determina-
tion of µ moments. The B0 fields and resonance frequencies are also
shown. For chemical shift and 	νQ/ν0 values, see the text
30Al 32Al
(Static magnetic field B0 500.59 mT 498.61 mT)
Stability of B0 0.06% 0.4%
Inhomogeneity of B0 < 0.02% < 0.02%
Chemical shift < |−0.00002|% < |−0.00002|%
(Resonance frequency ν0 3829.0 kHz 7445.7 kHz)
Fitting error 0.21% 0.08%
Error in the frequency setting 0.014% 0.012%
	νQ/ν0 0.09% 0.15%
Total 0.24% 0.44%
µexp 3.010(7) µN 1.959(9) µN
states of 30Al and 32Al. As seen in Eq. (2), a devi-
ation of the R ratio from that obtained without the
B1 field (open circles in the figures) indicates the oc-
currence of the spin alteration by the AFP-NMR. We
found in the 30Al spectra that, within a searched region
of frequency, only the intervals including a common
frequency ν  3829 kHz exhibited the up/down ratios
deviating from those without the B1 field. Similar ob-
servation applies to the 32Al spectra: only the intervals
including a common frequency ν  7446 kHz exhib-
ited the deviation.
The resonance frequency ν0 was obtained by the
least-χ2 fitting analysis. Reflecting the amplitude
modulation and frequency sweep of the B1 field,
the NMR spectra are known to show a characteris-
tic shape. Experimental µ moments were derived by
fitting the NMR spectra shown in Figs. 3(a2) and
(b2) with a function obtained from a computer sim-
ulation of the AFP spin reversal process. As a re-
sult, the resonance frequencies ν0(30Al) = 3829.0(79)
kHz and ν0(32Al) = 7445.7(58) kHz were obtained
for 30Al and 32Al, respectively. To evaluate the er-
ror in the experimental µ moments, the uncertainties
and corrections listed in Table 1 were taken into ac-
count.
In Table 1, the uncertainty in νQ due to the
quadrupolar interaction is listed as 	νQ/ν0, consid-
ering the adjustment accuracy of the c-axis angle,
θc-axis = 54.4(5)◦, to the magic angle. Here, we define
	νQ as the deviation of the m = 0 → +1 transition
frequency νm=0,1 from ν0 due to the misalignment
	θ from the magic angle. According to Eq. (1),c-axis
190 H. Ueno et al. / Physics Letters B 615 (2005) 186–192Fig. 3. NMR spectra obtained for 30Al in (a1) a resonance scan with wider frequency windows and (a2) the precision measurement. Also those
obtained for 32Al are shown in (b1) and (b2). Up/down ratios of the β-rays measured for the respective frequency windows are indicated by
solid circles, whereas those obtained without the B1 field are shown by open circles. They are accompanied by the statistical errors (vertical
bars) and the widths of the swept frequency (horizontal bars). The dotted curves shown in the lower panels (a2) and (b2) are results of the
least-χ2 fittings.	νQ is written as
	νQ =
∣
∣
∣
∣
∂νm=0,1
∂θc-axis
∣
∣
∣
∣
	θc-axis
(3)= 9 sin 2θc-axis
8I (2I − 1)
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∣
∣
eqQ
h
∣
∣
∣
∣
	θc-axis.
To evaluate 	νQ, we adopted the reported value of
quadrupolar coupling constant for 27Al in α-Al2O3,
|eqQ/h| = 2.30(4) MHz [21], and the Q moment
of 27Al Qexp(27Al) = 140.02(10) mb [22]. In addi-
tion, shell-model calculations were carried out for Q
moments [23,24], since no experimental data have
been reported. Thus the obtained theoretical values,
QSM(30Al) = 210 mb and QSM(32Al) = 45 mb, were
taken. Inserting these values into Eq. (3), we obtain
values 	νQ/ν0 = 0.09% and 0.15% for 30Al and 32Al,
respectively. Taking all the uncertainties listed in Ta-
ble 1 into account, we have determined the experi-
mental µ moments, |µexp(30Al)| = 3.010(7) µN and
|µexp(32Al)| = 1.959(9) µN, for 30Al and 32Al, re-
spectively, where µN is the nuclear magneton. No
diamagnetic-shielding correction was made for the
present values, since the reported chemical shift of27Al in α-Al2O3 [21], shown in Table 1, is negligibly
small compared with the errors of the other origins.
Within an sd model space, it is expected for 30Al
that the valence d5/2 proton and d3/2 neutron cou-
ple to form Iπ = 3+ in the main configuration of
the ground state. The corresponding theoretical µ mo-
ment is 4.59 µN. Hereafter, the theoretical µ mo-
ments are obtained with the effective µ-moment op-
erator µˆ of Ref. [25], which has been empirically
determined to reproduce the M1 static and transi-
tion moments in the sd-shell nuclei close to the β-
stability line. Also, consideration of the admixture of
the |(πd3/2) ⊗ (νd3/2)〉Iπ=3+ configuration should be
important, since its µˆ expectation value 1.42 µN is dis-
tinctly small and might bring the theoretical µ moment
down to the experimental value. In the case of 32Al,
the addition of two neutrons to 30Al just changes the
role played by a d3/2-neutron particle state into that
by the corresponding hole state. In the 32Al ground
state the valence d5/2 proton and d3/2-neutron hole are
coupled to form Iπ = 1+. Again, the µˆ expectation
value for this configuration, 2.76 µN, and that for the
admixing |(πd3/2) ⊗ (νd3/2)−1〉Iπ=1+ configuration,
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Comparison of experimental magnetic moments (µexp)and shell-
model predictions (µSM) for aluminum isotopes. The differences
are calculated assuming positive signs for the µexp values if they
are not assigned
Isotope Iπ µexp (µN) µSM (µN) µSM–µexp (µN)
26Al 5+ +2.804(4) +2.95 0.14 (5.0%)
27Al 5/2+ +3.6415069(7) +3.75 0.11 (3.0%)
28Al 3+ 3.242(5) +3.29 0.04 (1.3%)
30Al 3+ 3.010(7) +3.19 0.18 (6.1%)
31Al 5/2+ 3.793(50) +3.98 0.19 (5.0%)
32Al 1+ 1.959(9) +2.06 0.10 (5.0%)
1.42 µN are very different. The experimental µ lies in
between.
The experimental µ values were compared with
shell-model calculations. The calculations were made
using a code OXBASH [23] with the USD interac-
tion [24] and the above mentioned effective µˆ oper-
ator. The theoretical µ moments thus calculated are
+3.19 µN and +2.06 µN for 30Al and 32Al, respec-
tively, as listed in Table 2. In both cases, theoretical
values are in agreement with the present experimen-
tal values within ∼ 6%. Comparison was also made
with experimental values of other aluminum isotopes
[9,26]. As listed in Table 2, they agree well with each
other. Thus no prominent deviation was observed in all
of these aluminum isotopes.
With respect to 32Al, an isomer state has been found
recently at the excitation energy Ex = 956 keV [10],
above the excited state at Ex = 734 keV [10,27]. Spin
and parity Iπ = 2+ and 4+ have been assigned to
the 734 and 956 keV levels, respectively, from the
study of their γ -decay properties. It is pointed out in
Ref. [10] that this ordering is unusual and the USD
interaction fails to reproduce it. Since such disagree-
ments between calculations carried out with the USD
interaction and experimental observations are rare, this
unusual level ordering of 32Al might stem from the
presence of the “island of inversion”. In the present
study, however, we found that the USD interaction is
able to reproduce the experimental ground-state µ mo-
ment of 32Al as well as that of 30Al.
Returning to the β-NMR spectra in Fig. 3, the
depths of the resonance dips indicate that the result-
ing polarization of 30Al and 32Al fragments were
P(30Al) = −0.47(12)% and P(32Al) = −0.82(19)%.
These polarizations are unexpectedly large, becausethe fragmentation reactions that lead to production
of 30Al and 32Al fragments from the 40Ar projec-
tile imply removals of as many as 8 and 10 nucle-
ons.
In summary, the ground-state µ moments of 30Al
and 32Al have been determined by the β-NMR method
taking advantage of spin-polarized RI beams from the
projectile-fragmentation reaction. Contrary to expec-
tation, the observed polarizations in 30Al and 32Al
fragments reached from 40Ar projectile via 10- and 8-
nucleon removals were as large as |P | = 0.5–1%. The
presently obtained polarizations provide a promising
prospect that substantial magnitude of spin polariza-
tion would be obtained in projectile-fragmentation re-
actions involving many-nucleon removals, thus mak-
ing the µ-moment measurements feasible for the
sd-shell nuclei around and beyond the neutron number
N = 20.
The µ moments obtained for 30Al and 32Al are
compared with shell-model calculations within the sd
model space. In both cases, agreements within 6%
were obtained. Although a larger reduction of the sd–
pf energy gap has been predicted for 32Al than 30Al,
the observed deviations for 30Al and 32Al between the-
ory and experiment are of the same order. For more
quantitative discussion of the admixture of intruder
pf configurations in the 32Al ground state, however,
further study is needed. Although we have investi-
gated deviations of the standard shell-model calcu-
lation within the sd model space from the obtained
µexp value for 32Al, detailed discussion could be made
by comparing with the recent large-scale calculation
that takes the admixture of pf configurations into ac-
count.
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